Abstract BACKGROUND & AIM: p53 activation by cellular stresses induces the transcription of hundreds of its target genes. To elucidate the entire picture of its downstream pathway, we screened a cDNA microarray dataset of adriamycin-treated HCT116 p53 −/− or p53 +/+ cells and identified EPSIN 3 as a novel p53 target. METHODS: Potential p53 binding sequences in the EPSIN 3 locus were evaluated by reporter and CHIP assays. To investigate the role of EPSIN 3 in the p53 downstream pathway, we assessed DNA damage-induced apoptosis in EPSIN 3-knockdown HCT116 cells or Epsin 3-deficient mice. In addition, we evaluated EPSIN 3 expression levels in various tissues, including gastric adenocarcinoma, human gastric mucosa with or without Helicobacter pylori infection, and mouse acute gastritis tissues induced by indomethacin. RESULTS: In response to DNA damage, p53 induced the expression of EPSIN 3 through the p53 binding elements in the EPSIN 3 promoter and the first intron. Knockdown of EPSIN 3 resulted in resistance to DNA damage-induced apoptosis both in vitro and in vivo. EPSIN 3 expression was down-regulated in gastric cancer tissues compared with normal tissues. In addition, Helicobacter pylori infection and indomethacininduced acute gastritis repressed EPSIN 3 expression in gastric mucosa. CONCLUSIONS: EPSIN 3 is a novel p53 target and a key mediator of apoptosis. Chronic or acute mucosal inflammation as well as p53 inactivation induced downregulation of EPSIN 3 and subsequently caused apoptosis resistance, which is a hallmark of cancer cells.
Introduction p53 is one of the most intensively studied tumor suppressor genes [1] [2] [3] . p53 activation by cellular stresses induces the transcription of hundreds of its target genes, which affect various processes, such as cell cycle arrest, senescence, apoptosis, and posttranscriptional modification [4] [5] [6] . Previously, our group identified a number of p53 target genes: p53AIP1, p53R2, p53RDL, XEDAR, PADI4, ISCU, and Cystatin C [6] [7] [8] [9] [10] [11] [12] [13] [14] . Despite research efforts, the full picture of the p53 downstream pathway remains unclear.
EPSINs are accessory proteins implicated in clathrin-mediated endocytosis by binding to ubiquitin moieties on the cytoplasmic regions of membrane proteins. In vertebrates, three family members (EPSIN 1-3) have been identified to date. EPSIN 1 and EPSIN 2 are ubiquitously expressed in most type of tissues and are involved in the internalization of membrane proteins such as Notch, the transferrin receptor, EGFR, protease-activating receptor 1 and VEGFR2 [15, 16] . Deletion of both Epsin 1 and Epsin 2 results in embryonic lethality, owing to a defective vascular phenotype, thus suggesting their important roles during development [17] . In cancer tissues, EPSIN 1 and EPSIN 2 are up-regulated and have been implicated in endocytosis of VEGFR2 and the Notch-Notch ligand complex, thus resulting in vascularization, proliferation, invasion and cancer metastasis [18, 19] . In contrast, EPSIN 3 is only expressed in parietal cells in the stomach and in wounded keratinocytes in the skin epithelium [20, 21] , and its function in both normal and cancerous tissues has not yet been characterized. Here, through a transcriptome analysis of HCT116 p53 +/+ and HCT116 p53 −/− cells treated with adriamycin, we identified EPSIN 3 as a novel p53 target that is involved in the apoptotic pathway and gastric carcinogenesis.
Results

Induction of EPSIN 3 by Cellular Stress
To identify novel p53 targets, we conducted a cDNA microarray analysis of mRNA isolated from HCT116 p53 +/+ and HCT116 p53 −/− cells that were treated with 2 μg/ml of adriamycin (ADR). Among the 22,310 human genes, we selected EPSIN 3 for further analysis because EPSIN 3 was markedly induced by ADR treatment only in HCT116 p53 +/+ cells, and the other Epsin family proteins have not been reported to be p53 targets. The results of the cDNA microarray analysis were validated by quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis ( Figure 1A ). We confirmed that the mRNA expression of EPSIN 3 was induced by ADR in other cell lines harboring wild-type p53: A549, U2OS and HepG2, and this induction was inhibited by knockdown of p53 ( Figure 1 , B-D and Supplementary Figure S1 , A-C). We also found that EPSIN 3 mRNA expression was induced in U373 MG (p53-mutant) and H1299 (p53-deficient) cells infected with Ad-p53 but not in Ad-LacZ-infected cells ( Figure 1 , E and F).
To further investigate the regulation of Epsin 3 by p53, we evaluated Epsin 3 expression in mouse embryonic fibroblast (MEF) cells of p53 +/+ and p53 −/− mice that were treated with 2 μg/ml of ADR. Epsin 3 mRNA expression was increased 12 h after ADR treatment in the MEFs of p53 +/+ mice but not in the MEF cells of p53 −/− mice ( Figure 1G ). Moreover, RNA purified from the thymi of −/− and p53 +/+ mice (10 Gy) (n = 3 per group). Mice were sacrificed 24 h after irradiation with 10 Gy of X-rays. β-actin was used to normalize the expression levels in all qRT-PCR analyses unless otherwise noted.
p53
+/+ and p53 −/− mice that were irradiated with 10 Gy of X-rays was also subjected to qRT-PCR analysis. Epsin 3 mRNA expression was increased after X-ray irradiation in the thymi of p53 +/+ mice but not in the thymi of p53 −/− mice ( Figure 1H ). These results clearly demonstrated the regulation of EPSIN 3 by p53 in vitro and in vivo.
EPSIN 3 is a Direct Target of p53
We surveyed the p53 binding sequence [22] within the EPSIN 3 locus and identified three potential binding sites (Figure 2A) . A 449-base DNA fragment containing p53BS1 and p53BS2 and a 428-base DNA fragment containing p53BS3 were amplified and cloned into the pGL4.24 vector (pGL4.24/p53BS1+ 2 and pGL4.24/p53BS3, respectively). A reporter assay revealed that U373 MG cells transfected with pGL4.24/p53BS1+ 2 showed increased luciferase activity only in the presence of a plasmid designed to express wild-type p53 ( Figure 2B and Supplementary Figure S2A) . Mutant human p53 (p53R175H) was used as a negative control. However, base substitutions in either potential binding site (pGL4.24/p53BSmut) diminished the enhanced luciferase activity, particularly in the p53BS2 sites. To verify whether p53 directly binds to p53BS2, we performed a ChIP assay using U373 MG cells infected with either Ad-p53 or Ad-LacZ. After precipitation with an anti-p53 antibody, DNA fragments harboring p53BS2 were quantified with qRT-PCR assays. The results showed that p53 bound to the genomic region including the p53BS2 site in cells infected with Ad-p53 ( Figure 2C ). In addition, p53 was shown to bind to genomic region including p53BS3 in U-2 OS cells treated with etoposide [23] , although p53BS3 exhibited lower transcriptional activity than p53BS1+ 2 (Supplementary Figure S2) . These findings suggest that p53 would regulate EPSIN 3 expression through multiple p53 binding elements in the EPSIN 3 genome.
We also found a potential p53-binding site (p53BSm) in the first intron of the mouse Epsin 3 gene ( Figure 2D ) and confirmed transactivation of the reporter gene by wild-type mouse p53 ( Figure  2E and Supplementary Figure S2B) . Mutant mouse p53 (mp53R172H) was used as a negative control. Thus, our findings clearly indicated that human and mouse Epsin 3 are novel p53 targets.
Cleavage of EPSIN 3 Protein
To investigate the induction of EPSIN 3 protein expression by p53, we performed western blot analysis using HCT116 p53 −/− and HCT116 p53 +/+ cells that were treated with ADR. We found the induction of two protein bands at approximately 80 kDa and 40 kDa only in ADR-treated HCT116 p53 +/+ cells ( Figure 3A ). Knockdown of EPSIN 3 by siRNAs (siEPN3-a-d) completely eliminated these two protein bands ( Figure 3B . Mutant p53 represents the plasmid expressing either human p53 with a missense mutation (R175H) or mouse p53 with a missense mutation (R172H) (C). U373 MG cells were used for these analyses.
To further characterize these two proteins, we constructed plasmids expressing human EPSIN 3 tagged with hemagglutinin (HA) at either the carboxyl or amino-terminus (EPSIN 3C and EPSIN 3 N, respectively). In addition to the 80 kDa protein, the anti-HA antibody detected several protein bands at approximately 40 kDa in cells transfected with either EPSIN 3C-or EPSIN 3 Nexpressing plasmids ( Figure 3C ). These findings suggested that cleavage of EPSIN 3 protein generates an N-terminal and C-terminal fragment of approximately 40 kDa each.
Epsin 3 protein has been shown to be included in exosomes purified from human urine samples [24] . Similar to this finding, the C-terminus of the EPSIN 3 protein was detected in the culture medium of HEK293T cells transfected with plasmid expressing either human EPSIN 3C or mouse Epsin 3C. Together, these results suggest that EPSIN 3 is likely to be cleaved into two fragments, and its C-terminal fragment is secreted into the culture medium.
To determine the cleavage site of the EPSIN 3 protein, we purified an N-terminal, 37 kDa fragment from HEK293T cells that were transfected with an EPSIN 3 N-expressing plasmid ( Figure 3D ). Mass spectrometry analysis of this band identified several peptide fragments spanning amino acids 9-288 of the EPSIN 3 protein (Figure 3E ), thus indicating that EPSIN 3 is likely to be cleaved near amino acid position 288. However, immunocytochemistry indicated that EPSIN 3 was expressed on the plasma membrane of ADR-treated HCT116 p53 +/+ cells 48 h after ADR treatment ( Figure 3F , and Supplementary Figure S3 ). Together, our results suggest that EPSIN 3 is primarily localized at the plasma membrane, whereas its C-terminal fragment is secreted into the extracellular space.
Regulation of Cancer Cell Growth and Apoptosis by EPSIN 3
To explore the role of EPSIN 3 in the growth of cancer cells, we performed a colony formation assay using three cancer cell lines:
−/− and HCT116 p53 +/+ cells were treated with 2 μg/ml ADR for 2 h and then incubated in normal medium. At the indicated times after the treatment, whole cell extracts were subjected to immunoblotting with anti-EPSIN 3, anti-p53, anti-p21, or anti β-actin antibodies. (B) We designed four small interfering RNAs (siRNAs): siEPSIN 3-a-d. HCT116 cells were transfected with each siRNA 24 h before treatment with ADR. siEGFP was used as a control. At 48 h after ADR treatment, whole cell extracts were subjected to western blot analysis. Red arrows indicate the protein bands of EPSIN 3. (C) At 24 h after HEK293T cells were transfected with one of the following expression plasmids: EPSIN 3 tagged with HA at its C-terminus (EPSIN 3C), EPSIN 3 tagged with HA at its N-terminus (EPSIN 3 N), mouse Epsin 3 tagged with HA at its C-terminus (Epsin 3C) or EPSIN 1 tagged with HA at its C-terminus (EPSIN 1), the culture medium was replaced with serum-free medium. After another 24 h, the medium was collected, and acetone-precipitated protein samples were subjected to western blot analysis. (D) HEK293T cells were transfected with either EPSIN 3 N or mock vector. At 36 h after transfection, whole cell lysates were subjected to immunoprecipitation with an anti-HA agarose antibody, and the precipitants were analyzed using SDS-PAGE and subsequent silver staining. The red arrow indicates the N-terminal segment of EPSIN 3. (E) The whole amino acid sequence of EPSIN 3 is shown. Red letters indicate peptide sequences detected by mass spectrometry analysis. (F) After incubation with medium containing 0 or 2 μg/ml of ADR for 2 h, HCT116 p53 −/− and p53 +/+ cells were incubated for 48 h with medium that did not contain ADR. Adherent cells were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature. EPSIN 3 (green) and p53 (red) were visualized using specific primary antibodies and fluorescein-conjugated secondary antibodies. Nuclei were stained with DAPI (blue).
H1299, HCT116, and U373 MG. The results showed that ectopic expression of EPSIN 3 significantly reduced tumor cell growth in H1299 and HCT116 cells compared with mock-transfected cells ( Figure 4A ). Then, we performed a cell proliferation assay using HCT116 cells transfected with either siEPN3-b or siEPN3-d. The results showed that knockdown of EPSIN 3 inhibited the ADR-induced suppression of growth ( Figure 4B ). We further examined the effect of EPSIN 3 on ADR-induced apoptosis. Interestingly, knockdown of EPSIN 3 in ADR-treated HCT116 cells reduced cleaved caspase-3 and cleaved PARP levels, thus indicating regulation of apoptosis by EPSIN 3 ( Figure 4C ).
To investigate the molecular mechanism whereby EPSIN 3 regulates the apoptotic pathway, we explored EPSIN 3-interacting proteins by using immunoprecipitation and subsequent mass spectrometry analysis. The results indicated an interaction between EPSIN 3 and clathrin heavy chain (CHC) (Supplementary Figure  S4A) , a component of vesicular transport that also interacts with other Epsin family members and p53 [25] [26] [27] . We also identified an interaction between EPSIN 3 and p53 (Supplementary Figure S4B) . However, the majority of EPSIN 3 protein did not co-localize with p53 or clathrin in ADR-treated HCT116 cells (data not shown). Moreover, knockdown of EPSIN 3 did not affect the expression of FAS and BAX, two important pro-apoptotic targets of p53 ( Figure 4C ). Therefore, p53 is unlikely to be a major mediator of EPSIN 3-related apoptotic pathway regulation.
Because EPSIN 3 is localized at the plasma membrane, we assumed that EPSIN 3, similar to other family members, is involved in the endocytosis of membrane proteins and subsequently represses anti-apoptotic responses. To screen membrane proteins regulated by EPSIN 3, we quantified the levels of membrane proteins using ADR-treated HCT116 cells transfected with siEPSIN 3 or siEGFP. Membrane proteins were purified by a glycopeptide-targeted labeling method and subjected to mass-spectrometric analysis. As a result, several anti-apoptotic membrane proteins such as CD44, KLK6, EPHA3, and ROR1 were shown to be highly expressed in EPSIN 3-knockdown cells compared with siEGFP-transfected cells (Supplementary Table 1 ). These findings suggest that EPSIN 3 may enhance apoptosis of cancer cells through endocytosis of oncogenic receptor proteins. Then, we analyzed the involvement of Epsin 3 in DNA damage-induced apoptosis in vivo by using Epsin 3-deficient mice. We confirmed the lack of Epsin 3 expression in the stomachs of Epsin 3-knockout mice by western blotting and immunohistochemistry ( Figure 5 , A and B) because Epsin 3 has been shown to be highly expressed in gastric parietal cells. Consistent with the results of a previous report, Epsin 3-deficient mice showed no obvious phenotype [20] . Epsin 3 mRNA levels were markedly increased in the thymi of wild-type mice after X-ray irradiation, but these changes were not detectable in Epsin 3-deficient mice ( Figure 5C ). Next, we evaluated apoptotic cells by using a TUNEL assay and found that X-ray-induced apoptosis was decreased in the thymi of Epsin 3-deficient mice compared with wild-type mice ( Figure 5D ). Together, our results suggest that EPSIN 3 regulates the apoptotic pathway in response to genotoxic damage both in vitro and in vivo.
Dysregulation of EPSIN 3 Expression in Stomach Tissues
To investigate the role of EPSIN 3 in human carcinogenesis, we examined its expression by using RNA sequencing data of stomach adenocarcinoma tissues downloaded from the TCGA database [28] . Notably, the expression of EPSIN 3 was significantly decreased in stomach adenocarcinoma tissues compared with corresponding normal tissues ( Figure 6A ). However, EPSIN 3 expression was not significantly associated with overall survival (P = .37; log-rank test, Supplementary Figure S5) . These results indicate that EPSIN 3 is mainly associated with the onset of disease but not with disease progression.
Because and Epsin 3 +/+ mice were evaluated using TUNEL assays 48 h after exposure to 3 Gy of X-ray irradiation. Red arrows indicate TUNEL-positive cells.
( Figure 6C ). We also evaluated Epsin 3 expression in a mouse model of acute inflammation induced by intraperitoneal injection of indomethacin. As a result, Epsin 3 expression was significantly decreased in mouse stomachs after indomethacin treatment ( Figure 6D ). These findings indicated that either p53 inactivation or mucosal inflammation caused by H. pylori or indomethacin induces down-regulation of EPSIN 3 expression and subsequently causes apoptosis resistance, which is a hallmark of cancer cells ( Figure 6E ).
Discussion
Here, we found that EPSIN 3 is a mediator of p53-induced apoptosis. In addition, we observed that EPSIN 3 expression was significantly decreased in gastric cancer tissues and the gastric mucosa in people infected with H. pylori. Epsin family members share structural similarities: an ENTH domain at the N-terminus, 2 ubiquitin interacting motifs (UIMs), a DPW motif, 2 or 3 clathrin binding motifs in the central region, and an EH domain at the C-terminus. All of these structures work cooperatively and lead to membrane invagination at an initial step of endocytosis. Although several lines of evidence have suggested that EPSIN 1 and 2 promote carcinogenesis [18, 19] , our results indicated a tumor suppressive function of EPSIN 3 in both humans and mice. Interestingly, both human and mouse Epsin 3 are cleaved in the central part the protein, and the C-terminal fragments (which no longer contain ENTH and UIM domains essential for initiation of endocytosis) are secreted into the extracellular space. EPSIN 3 is located at the plasma membrane, and a previous proteome analysis identified Epsin 3 in human urine exosomes, which contain various membrane proteins. We also A C B D E Figure 6 . (A) Using the RNA sequence data of the in human gastric cancer tissues obtained from the database of The Cancer Genome Atlas (TCGA), gene expression analysis was performed. Box-plots indicate EPSIN 3 expression in stomach tissues. The vertical axis indicates the normalized expression level of EPSIN 3, the top bar represents the maximum observed value, the lower bar represents the minimum observed value, the top of the box is the upper or third quartile, the bottom of the box is the lower or first quartile, and the middle bar is the median value. The P value was calculated by using Mann-Whitney U tests. (B) qRT-PCR analysis of EPSIN 3 mRNA levels in biopsy samples from the gastric mucosa in the absence (n = 28) or presence (n = 214) of H. pylori. The vertical axis indicates the expression level of EPSIN 3 normalized against β-actin expression, the top bar represents 90% of the maximum observed value, the lower bar represents 10% of the maximum observed value, the top of the box is the upper or third quartile, the bottom of the box is the lower or first quartile, and the middle bar is the median value. The P value was calculated by a Mann-Whitney U test. (C) Comparison of the expression levels of EPSIN 3 in each individual patient (n = 54) before and after H. pylori eradication. The vertical axis indicates the expression level of EPSIN 3 normalized against β-actin expression. (D) qRT-PCR analysis of Epsin 3 mRNA levels in the stomachs of mice that were sacrificed 24 h after treatment with 40 mg/kg of intraperitoneal indomethacin (n = 3). The vertical axis indicates the expression level of EPSIN 3 normalized against β-actin expression. The P value was calculated by using Student's t test. (E) Scheme of EPSIN 3 mediated gastric carcinogenesis. EPSIN 3 is inactivated in the stomach by p53 inactivation and H. pylori infection, and its inactivation causes apoptosis resistance, a hallmark of cancer cells.
evaluated the effect of cleaved EPSIN 3 on tumor cell growth by using conditioned medium from HEK293T cells transfected with EPSIN 3-expressing plasmid. However, EPSIN 3-containing medium did not show a growth suppressive effect (data not shown), indicating that the full-length intracellular EPSIN 3 protein likely plays a major role in EPSIN 3-mediated growth suppression.
In our analysis, we demonstrated that EPSIN 3 mediates apoptotic signaling in cancer cells. DNA damage induces the intrinsic apoptotic signaling cascade, in which a number of genes, including known p53 targets, form a complicated network [29] . EPSIN 3 is induced at later time points (48 h after adriamycin treatment) like the p53-induced pro-apoptotic protein p53AIP1 [12] . Notably, knockdown of EPSIN 3 abrogated the cleavage of caspase-3 and PARP to the same degree as knockdown of p53, thus suggesting that EPSIN 3 is involved in a key step in the p53-caspase-3 axis.
Our results indicated that EPSIN 3 regulates the expression of anti-apoptotic membrane proteins, such as CD44, KLK6, EPHA3, and ROR1. Among them, proteinase-activated receptor 1 (PAR1), a G protein-coupled receptor for thrombin, was shown to be up-regulated in cancer cells [30] . Aberrant endocytosis of the receptor causes persistent downstream signaling, promoting invasion of cancer cells, and silencing of PAR1 leads to apoptosis of tumor cells in a mouse xenograft model [31] . Taken together, EPSIN 3 may enhance apoptosis of cancer cells through endocytosis of oncogenic receptor proteins.
We also found that EPSIN 3 expression was decreased in gastric cancer tissues as well as in gastric mucosa infected with H. pylori. In addition, EPSIN 3 expression was increased after H. pylori eradication. Interestingly, EPSIN 3 expression was also reduced in a mouse model of acute inflammation caused by intraperitoneal indomethacin injection. Chronic inflammation caused by H. pylori infection may be a major cause of EPSIN 3 down-regulation in gastric mucosa. Because EPSIN 3 is a key mediator of DNA damage-induced apoptosis and p53 is the most frequently mutated gene in gastric cancer [28, [32] [33] [34] , the p53-EPSIN 3 pathway might play an important role in gastric carcinogenesis.
Materials and Methods
cDNA Microarray
Gene expression analysis was performed using a SurePrint G3 Human GE 8x60K microarray (Agilent, Santa Clara, CA, USA) according to the manufacturer's protocol, as described previously [13] . Briefly, either HCT116 p53 +/+ or HCT116 p53 −/− cells were treated with ADR and incubated at 37°C until the time of harvest. Total RNA was isolated from the cells by using standard protocols. Each RNA sample was labeled and hybridized to the array slides.
Cell Culture and Transfection
The human embryonic kidney cell line HEK293T was obtained from Riken Cell Bank. The human cancer cell lines U373 MG (astrocytoma), H1299 (non-small cell lung cancer), and HCT116 (colorectal adenocarcinoma) were purchased from American Type Culture Collection. Human mammary epithelial cells MCF10A p53 +/+ or MCF10A p53 −/− were purchased from Sigma Aldrich (St. Louis, MO, USA). HCT116 p53 +/+ and HCT116 p53 −/− cell lines were generously provided by B. Vogelstein (Johns Hopkins University, Baltimore, MD, USA). HEK293T and U373 MG cells were transfected with plasmids by using Fugene6 (Promega, Madison, WI, USA) and Lipofectamine LTX (Invitrogen, Carlsbad, CA, USA), respectively. Small interfering RNA (siRNA) oligonucleotides, which were commercially synthesized by Sigma Genosys, were transfected with Lipofectamine RNAiMAX reagent (Invitrogen). Sequences of the siRNA oligonucleotides used are shown in Supplementary Table 2.
Cell Treatments
We generated and purified replication-deficient recombinant viruses expressing either p53 (Ad-p53) or LacZ (Ad-LacZ), as described previously [12] . U373 MG (p53-mutant) and H1299 (p53-null) cells were infected with viral solutions at various amounts of multiplicity of infection (MOI) and incubated at 37°C until the time of harvest. To induce genotoxic stress, cells were incubated with 2 μg/ml of adriamycin (ADR) for 2 h.
Antibodies
Anti-actin monoclonal antibody (AC15), anti-EPSIN 3 polyclonal antibody (HPA055546), and anti-HA agarose monoclonal antibody (HA-7) were purchased from Sigma-Aldrich. Anti-p21 monoclonal antibody (OP64) and anti-p53 monoclonal antibody (OP43) were purchased from Merck Millipore. Anti-caspase-3 monoclonal antibody (8G10) and anti-cleaved caspase-3 monoclonal antibody (5A1E) were purchased from Cell Signaling Technology (Beverly, MA, USA).
Knockout Mice
p53-deficient mice were provided by the RIKEN BioResource Center (Ibaraki, Japan) [35] . Epsin 3-deficient mice were generated by in vitro fertilization using Epsin 3-deficient sperm purchased from KOMP (Knockout Mouse Project: https://www.komp.org/). Genotypes were confirmed by PCR analysis. The primer sequences used are indicated in Supplementary Table 2. All mice were maintained under specific pathogen-free conditions and were handled in accordance with the Guidelines for Animal Experiments of the Institute of Medical Science (University of Tokyo, Tokyo, Japan). Mice were irradiated using an X-ray irradiation system (MBR-1520R-3, Hitachi, Tokyo, Japan).
Quantitative Real-Time PCR
Total RNA was isolated from human cells and mouse tissues by using RNeasy Plus Mini Kits (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Complementary DNAs were synthesized using Super Script III reverse transcriptase (Invitrogen). Quantitative real-time PCR (qRT-PCR) was conducted using SYBR Green Master Mix on a Light Cycler 480 (Roche, Basel, Switzerland). Absolute copy numbers were calculated using serial dilutions of a plasmid including a cDNA fragment as a standard. Expression of each mRNA was normalized against that of β-actin or Gapdh. The primer sequences used are shown in Supplementary Table 2.
Gene Reporter Assay DNA fragments, including the potential p53-binding sites (p53BS), were amplified and cloned into the pGL4.24-promoter vector (Promega). The primers used for amplification are shown in Supplementary Table 2. Site-directed mutagenesis was performed to introduce "T" point mutations replacing the "C"s at the 4th and the 14th nucleotide and the "G"s at the 7th and the 17th nucleotide of the p53BS (Supplementary Table 2 ). Reporter assays were performed using a Dual Luciferase assay system (Promega), as described previously [8] .
Chromatin Immunoprecipitation Assay
ChIP assays were performed using an EZ-Magna ChIP GChromatin Immunoprecipitation Kit (Merck Millipore, Darmstadt, Germany) by following the manufacturer's protocol. In brief, U373 MG cells infected with either Ad-p53-or Ad-LacZ at an MOI of 10 were cross-linked with 1% formaldehyde for 10 min, washed with PBS, and lysed in nuclear lysis buffer. The lysate was then sonicated using a Bioruptor UCD-200 (CosmoBio, Tokyo, Japan) to shear the DNA to approximately 200 to 1000 bps. The supernatant from 1 × 10 6 cells was used for each immunoprecipitation with either anti-p53 antibody (OP140, Merck Millipore) or normal mouse IgG (sc-2025, Santa Cruz, Santa Cruz, CA, USA). Before immunoprecipitation, 2% of the supernatant was removed and designated "input". Column-purified DNA was quantified by qRT-PCR. The primer sequences used are shown in Supplementary Table 2 .
Plasmid Construction
The entire coding sequence of the EPSIN 3 cDNA was amplified by PCR using KOD-Plus DNA polymerase (Toyobo, Osaka, Japan) and inserted into the EcoRI and XhoI sites of the pCAGGS vector. The construct sequence was confirmed by DNA sequencing analysis. The primers used for amplification are shown in Supplementary  Table 2 .
Western Blot Analysis
To prepare whole cell extracts, cells were collected and lysed in chilled RIPA buffer (50 mmol/L Tris-HCl at pH 8.0, 150 mmol/L NaCl, 0.1% SDS, 0.5% sodium deoxycholate, and 1% NP40) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM DTT and 0.1% Calbiochem Protease Inhibitor Cocktail Set III, EDTA-Free (EMD Chemicals Inc., Merck KGaA, Darmstadt, Germany). The samples were sonicated for 15 min with a 30-sec on/30-sec off cycle using a Bioruptor UCD-200. To prepare the tissue extracts, frozen tissues were placed in a 2 ml tube containing 14 K beads with the lysis buffer described above and homogenized twice for 30 sec at 6000 rpm in a Precellys 24 Dual system (Bertin Technologies, France). After centrifugation at 16000 × g for 15 min, the supernatants were collected and boiled in SDS sample buffer (Bio-Rad, Hercules, CA, USA). SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed for each sample, and the proteins were then transferred to a nitrocellulose membrane (Hybond™ ECL™, Amersham, Piscataway, NJ, USA). Protein bands on the western blots were visualized by chemiluminescent detection (ECL, Amersham).
Condensation of Secreted Proteins in Media
At 24 h after transfection of the expression plasmid into HEK293T cells, the culture medium was replaced with serum-free medium, and after another 24 h, the medium was collected. The same volume of cold acetone was added to the medium and incubated at −80°C for 2 h. After centrifugation, the precipitant was suspended with SDS sample buffer (Bio-Rad).
Immunoprecipitation
At 36 h after transfection of the expression plasmid into HEK293T cells, cells were collected and lysed in chilled lysis buffer (50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, and 0.5% NP40). Lysates were precleared by incubation with protein G-Sepharose 4B (Invitrogen) and mouse IgG at 4°C for 1 h. Then, precleared cell extracts were incubated overnight with an anti-HA agarose antibody at 4°C. The beads were washed four times with 1 ml of ice-cold lysis buffer, and the immunoprecipitated proteins were released from the beads by boiling in sample buffer for 2 min.
Quantification of Membrane Proteins by Mass Spectrometric Analysis
The siEPN3-b or siEPN3-d vector was transfected into HCT116 cells. After 24 h, cells were treated with 2 μg/ml ADR for 2 h. Then, cells were lysed with a solution of 8 M urea and 50 mM ammonium bicarbonate, reduced in 20 mM Tris(2-carboxyethyl)phosphine with 50 mM ammonium bicarbonate for 30 min at 37°C and alkylated in 50 mM iodoacetamide with 50 mM ammonium bicarbonate for 45 min in the dark at 25°C. Trypsin GOLD solution was added at a ratio of 1/ 50 (w/w) enzyme to protein and incubated at 37°C for 16 h. The resulting peptides were desalted with an Oasis HLB 1 ml cartridge (Waters) and dried with a vacuum spin dryer. To enrich glycopeptides, peptides were dissolved in PBS and incubated with 50 μl of Con-A agarose beads (Seikagaku Corporation, Japan) at 25°C for 60 min. Following 4 washes with PBS, N-glycosylated peptides were specifically eluted by incubation with 1 unit of PNGase-F solution (Sigma) at 37°C for 6 h. The released de-glycosylated peptides were finally analyzed with an LTQ-Orbitrap-Velos LC/MS system and subjected to database search analysis in which amino acid substitution (Asn N Asp) was added to the dynamic modification setting in Proteome Discoverer software to determine de-glycosylation sites generated by PNGase-F.
Identification of the Cleavage Site of EPSIN 3
Immunoprecipitates bound to the anti-HA antibody-conjugated agarose beads were separated on SDS-PAGE and silver stained. The excised EPSIN 3 bands were reduced in 10 mM Tris(2-carboxyethyl)-phosphine (Sigma-Aldrich) with 50 mM ammonium bicarbonate (Sigma-Aldrich) for 30 min at 37°C and alkylated in 50 mM iodoacetamide (Sigma-Aldrich) with 50 mM ammonium bicarbonate for 45 min in the dark at 25°C. Trypsin GOLD (Promega) solution was added at a ratio of 1/50 (w/w) enzyme to protein and incubated at 37°C for 16 h. The resulting peptides were extracted from the gel and analyzed with an LTQ-Orbitrap-Velos mass spectrometer (Thermo Scientific) combined with an UltiMate 3000 RSLC nanoflow HPLC system (Thermo Scientific). The MS/MS spectra were compared to a Homo sapiens protein sequence database in SwissProt by using Proteome Discoverer 1.4 software (Thermo Scientific), in which a false discovery rate of 1% was set for both peptide and protein identification filters.
Immunocytochemistry
Adherent cells were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature. The cells were then submerged in blocking solution (3% BSA/PBS containing 0.2% Triton X-100) for 1 h at room temperature and incubated with either rabbit anti-EPSIN 3 antibody (diluted 1:500) or mouse anti-p53 antibody (diluted 1:1000) in blocking solution overnight at 4°C. Primary antibodies were stained with goat anti-rabbit or goat anti-mouse secondary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 594, respectively, (each diluted 1:2000) for 1 h at room temperature, stained with DAPI and visualized on a FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan).
Colony Formation Assay
Colony formation assays were performed in six-well culture plates. Cells transfected with either pCAGGS/EPSIN 3 or mock plasmid were cultured in the presence of geneticin (Invitrogen) for 2-3 weeks.
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The colonies were stained with crystal violet (Sigma) and scored using ImageJ software.
Cell Proliferation and Apoptosis Analysis
HCT116 cells were seeded on cell culture dishes coated with polyethyleneimine and transfected with siRNA. At 24 h after transfection, the cells were transferred to ultra-low-attachment plates (Corning, NY, USA). After another 24 h, the cells were treated with 1 μg/ml of ADR for 48 h. To assess cell viability, cells were subjected to an ATP measurement assay using a Cell Titer-Glo Luminescent Viability Assay (Promega) according to the manufacturer's protocol. For the detection of apoptosis, cells treated as described above were subjected to western blot analysis with antibodies against pro-caspase-3 and cleaved caspase-3.
Immunohistochemistry
Stomach sections from 6-week-old mice were formalin-fixed and paraffin-embedded and subjected to immunohistochemistry. After deparaffinization with xylene, antigens were retrieved at 125°C for 30 sec in DAKO Target Retrieval Solution (EDTA buffer, pH 6.0). Intrinsic peroxidases and proteins were blocked. Anti-Epsin 3 antibody diluted to 1/150 in DAKO Antibody Diluent was added to the samples and incubated for 1 h at 37°C. The samples were subsequently treated with Envision Plus anti-rabbit IgG as a secondary antibody for 1 h at 37°C. A chromogen substrate was added, and the specimens were counterstained with hematoxylin.
TUNEL Assay
Frozen sections of thymus tissues were obtained from either Epsin 3-deficient or wild-type mice 24 h after exposure to 3 Gy of X-ray irradiation, and apoptotic cells were visualized by in situ end labeling using an Apoptosis In Situ Detection Kit (Wako, Osaka, Japan) according to the manufacturer's protocol.
Database Analysis
Data on EPSIN 3 expression levels in gastric cancer samples and the related clinical information were downloaded from the TCGA project via a data portal on 15 May 2015. The expression levels in normal tissues and tumors were compared using Mann-Whitney U tests. The overall survival rate of patients with gastric cancer was compared using the Kaplan-Meier method between two groups stratified according to the expression levels of EPSIN 3 in gastric cancer tissues (below or above the median expression level among the cohort).
Collection of Biopsy Samples of Gastric Mucosa
Tissues samples were obtained from patients who underwent esophagogastroduodenoscopy (EGD) at the Toyoshima Endoscopy Clinic, Tokyo, Japan. We collected mucosal tissue from the gastric angulus via biopsy. H. pylori infection was determined by a positive result in the 13C-urea breath test (UBIT, Otsuka, Tokushima, Japan), stool antigen test, or a combination of serum immunoglobulin G antibody test (E-plate, Eiken, Tokyo, Japan) and pathological evaluation (hematoxylin and eosin staining). Participants infected with H. pylori received eradication therapy. At least 8 weeks after the completion of eradication therapy, successful eradication was confirmed by either a negative 13C-urea breath test or a negative stool antigen test [36] . Then, a second EGD was performed 6 months to 1 year after the first EGD performed at the time of enrollment, and mucosal tissues were again collected from the gastric angulus by biopsy. RNA purified from the remaining tissues were subjected to qRT-PCR analysis. This research project was approved by the institutional review board at the Institute of Medical Science, University of Tokyo. All participants provided written, informed consent.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.neo.2016.12.010.
